All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

*Vibrio campbellii* ATCC BAA-1116, formerly known as *Vibrio harveyi* ATCC BAA-1116 \[[@pone.0156010.ref001]\], is a versatile marine γ-proteobacterium. In addition to its pelagic lifestyle *Vibrio campbellii* is able to infect shrimp and fish and associates saprophytically with algae \[[@pone.0156010.ref002], [@pone.0156010.ref003]\]. *V*. *campbellii* is hypothesized to be responsible for the "milky sea effect" \[[@pone.0156010.ref004], [@pone.0156010.ref005]\]. This phenomenon of a blue glowing sea was first described by mariners of the 17^th^ century \[[@pone.0156010.ref006]\]. When *V*. *campbellii* colonizes the haptophyte *Phaeocystis*, the bacterium excretes so-called autoinducers (AIs), which ultimately lead to bioluminescence as a result of quorum sensing---the bacterial ability to determine population cell density via chemical communication \[[@pone.0156010.ref005]\]. The milky sea can cover up to 16,000 km^2^ of the ocean and the phenomenon can even be detected from space. Bioluminescence lasts from several hours to a few days and disappears as fast as it had appeared \[[@pone.0156010.ref006]\], perhaps as a result of the rapid breakdown of the bacterial community \[[@pone.0156010.ref005]\].

Most, if not all, bacterial species are targeted by viruses which could in principle trigger such a population collapse \[[@pone.0156010.ref007]\]. These so called bacteriophages are the most abundant entities in the biosphere \[[@pone.0156010.ref008]\]. To infect a bacterial cell, phages penetrate the bacterial plasma membrane and release genetic material into the cytoplasm, which then drives either a lytic or lysogenic life cycle \[[@pone.0156010.ref009]\]. In the lytic cycle, the host cellular machineries are hijacked for the production of new virus particles \[[@pone.0156010.ref010]\]. After transcription and replication of the phage DNA, the viral components are encapsulated to form complete phages. Ultimately each bacterial cell is filled with typically 100--200 viruses and undergoes lysis, thus releasing the phages for a new round of infection \[[@pone.0156010.ref009]\]. In contrast the lysogenic cycle does not result in an immediate replication and release of new phages. Instead, the injected viral DNA is integrated into the genome of the host and replicates as part of the bacterial chromosome. Such an integrated phage genome is called a prophage and normally does not interfere with the host's life cycle. The prophages remain dormant until a lytic cycle is induced, typically by adverse conditions such as physical stresses (e.g., UV light) or chemical factors (e.g., mitomycin C) \[[@pone.0156010.ref011]--[@pone.0156010.ref013]\]. It is noteworthy that putative prophages can be identified in more than 70% of the available bacterial genomes \[[@pone.0156010.ref007]\]. Moreover, seawater is one of the richest natural sources for free viruses, as it contains up to 2.5x10^8^ virus particles per milliliter \[[@pone.0156010.ref014]\].

In this study we analyzed the *V*. *campbellii* genome using PHAST (**PHA**ge **S**earch **T**ool) \[[@pone.0156010.ref015]\] and identified two putative intact myoviridal prophage regions. One of the prophage sequences maps to chromosome I and encodes a ΦHAP-1-like phage \[[@pone.0156010.ref016]\]. The second phage resembles a kappa-like *Vibrio* phage and its sequence is inserted into chromosome II \[[@pone.0156010.ref017]\]. After treatment of *V*. *campbellii* with mitomycin C or exposure to higher temperatures, two distinct phages were found in transmission electron micrographs. Parallel deep sequencing and qRT-PCR analysis confirmed the association of the microscopically identified phages with the two myoviridal prophage regions. Finally, fluorescence microscopy studies of two reporter strains expressing a *gfp* promoter fusion with a representative phage gene indicated heterogeneous induction within the *V*. *campbellii* population.

Results and Discussion {#sec002}
======================

Identification of *V*. *campbellii* ATCC BAA-1116 Prophages {#sec003}
-----------------------------------------------------------

We analyzed the genome of *V*. *campbellii* ATCC BAA-1116 for potential phage regions using PHAST \[[@pone.0156010.ref015]\]. On each of the two chromosomes five prophage regions, ranging in length from 12 kb to 45 kb, were detected ([Fig 1A and 1B](#pone.0156010.g001){ref-type="fig"}). Manual curation of the data however implied that in total only four of them are intact. Two of the apparently intact prophage regions are located on chromosome I. One of these prophages extends from bp 1,971,036 to 2,009,615 and is 38.5 kb in length ([Fig 1A and 1C](#pone.0156010.g001){ref-type="fig"}). Sequence analysis revealed significant similarities to the phage ΦHAP-1 (29.5% shared orthologous proteins) \[[@pone.0156010.ref016]\]. The second region encompasses bp 2,303,681 to 2,316,648 (13 kb) with similarities to *Vibrio* phage VfO4K68 (41.1% shared orthologous proteins) ([Fig 1A](#pone.0156010.g001){ref-type="fig"}) \[[@pone.0156010.ref018]\]. The other two intact prophages are inserted into chromosome II. Sequence comparison of the region between bp 258,916--298,460 (44.3 kb) suggests homologies to *Vibrio* phage kappa (28.8% shared orthologous proteins) ([Fig 1B and 1D](#pone.0156010.g001){ref-type="fig"}) \[[@pone.0156010.ref017]\]. The second prophage on chromosome II is related to *Vibrio* phage VfO3K6 (30.3% shared orthologous proteins) and is located between bp 961,672--968,454 (6.8 kb) \[[@pone.0156010.ref019]\].

![Bioinformatic identification of putative *V*. *campbellii* ATCC-BAA-1116 prophages.\
Putative prophage regions in *V*. *campbellii* ATCC BAA-1116 identified with PHAST \[[@pone.0156010.ref015]\]. **A**) *V*. *campbellii* ATCC-BAA-1116 chromosome I with five potential prophage regions indicated as green (probably intact) and black boxes (incomplete) **B**) Five potential prophage regions were also identified on chromosome II. Picture was adapted from the PHAST searching tool. **C**) Predicted organization of the putative ΦHAP-like prophage on chromosome I **D**) Predicted organization of the putative *Vibrio* kappa-like prophage on chromosome II; green: genes with annotated function in viral physiology; black: hypothetical genes; brown: transposase genes; dark cyan: genes selected for use in subsequent experiments.](pone.0156010.g001){#pone.0156010.g001}

The two prophages with similarities to VfO4K68 and VfO3K6, respectively, might be related to members of the genus *Inovirus*, whereas both the ΦHAP-1-like and kappa--like phages apparently belong to the family of *Myoviridae* \[[@pone.0156010.ref016]--[@pone.0156010.ref019]\]. Members of this family are typically characterized by an icosahedral capsid and a contractile tail. In agreement with our hypothesis, the identified genes are predicted to encode head and tail like structures ([Fig 1C and 1D](#pone.0156010.g001){ref-type="fig"}).

Mitomycin C Treatment Induces the Lytic Cycle of *V*. *campbellii* Phages {#sec004}
-------------------------------------------------------------------------

In an attempt to stimulate prophage induction, exponentially growing *V*. *campbellii* cells were exposed to the cytotoxic antibiotic mitomycin C for 0.5 h ([S1 Fig](#pone.0156010.s001){ref-type="supplementary-material"}, time point I), washed twice and incubated further. After three hours, a significant drop in cell density was observed ([S1 Fig](#pone.0156010.s001){ref-type="supplementary-material"}) and might be indicative for cell lysis caused by phage release \[[@pone.0156010.ref020]\]. To check whether or not this was the case, we collected the supernatant and enriched the extracellular material for phage DNA isolation ([S1 Fig](#pone.0156010.s001){ref-type="supplementary-material"}, time point P). First, we performed a DNase I digestion to selectively degrade free extracellular DNA, leaving genetic information encapsulated in phage particles intact. We then subjected the supernatant to protease treatment to disrupt phage particles and release the viral DNA, which subsequently served as template for the generation of a Nextera XT (Illumina) library for MiSeq (Illumina) next generation sequencing. We obtained 2x300 bp paired-end sequences in more than 1,000,000 reads which could be mapped to the *V*. *campbellii* ATTC BAA-1116 reference genome. Genome coverage was markedly unequal, with sequences derived from the previously identified intact prophage regions being overrepresented in the enriched DNA fraction compared to extracellular chromosomal DNA. Coverage of the ΦHAP-1-like phage region on chromosome I at position 1,971,036--2,009,615 was more than twice the mean coverage of the chromosome (26.27 vs. 12.05) ([S1 Table](#pone.0156010.s002){ref-type="supplementary-material"}). Similarly, reads for the *Vibrio* kappa-like phage (position 258,916--298,460) were enriched (1.2 fold). Reads that mapped to the predicted prophage regions for the two putative Inoviruses, VfO4K68-like and VfO3K6-like, also enriched by a factor of 1.43 and 1.8, respectively. These results therefore suggest that treatment with mitomycin C indeed induces all of the intact prophages present in *V*. *campbellii*.

We also performed a sequencing run using exponentially grown cells of *V*. *campbellii* ATCC BAA-1116 that were not induced by mitomycin. We likewise found DNA enriched in the regions matching ΦHAP-1, VfO4K68, *Vibrio* phage kappa and *Vibrio* phage VfO3K6. This finding is not surprising as spontaneous phage induction was also reported for other bacteria such as *Shewanella oneidensis* and *Corynebacterium glutamicum* \[[@pone.0156010.ref021], [@pone.0156010.ref022]\].

Both DNA-sequencings (from Mitomycin induced and not induced *V*. *campellii)* revealed a relatively low enrichment of phage DNA compared to chromosomal DNA. This can be explained by the fact that phage independent cell lysis results in a release of bacterial DNA. In addition, the digestion steps (see [Material and Methods](#sec008){ref-type="sec"} section) influence the ratio. We have chosen very mild conditions to get as much phage DNA as possible, which in turn resulted in only partial digestion of bacterial DNA and a relatively low but significant fold change.

To further confirm our DNA sequencing results, we tested the viral gene expression by using qRT-PCR. We selected the least enriched prophage region of the *Vibrio* kappa-like phage and analyzed levels of Vibhar_05040 ([Fig 1D](#pone.0156010.g001){ref-type="fig"}) transcripts at various times after mitomycin C treatment. We observed a 30-fold increase of Vibhar_05040 transcript levels 1.5 hours after mitomycin C treatment compared to the DMSO treated control culture ([Fig 2](#pone.0156010.g002){ref-type="fig"}). These data are in agreement with the sequencing results and provide further evidence for the induction of prophages by chemical treatment in *V*. *campbellii*.

![Mitomycin C induced transcriptional activation of the kappa-like *Vibrio* phage.\
Transcriptional analysis of Vibhar_05040 expression. *V*. *campbellii* ATTC BAA-1116 cells were grown to mid-exponential in AB medium at 30°C. After induction with mitomycin C for 0.5 h cells were washed twice with fresh AB medium and further incubated for 0.5 and 1.5 h. Samples for RNA extraction were taken prior to induction as well as 0.5 h (t1) and 1.5 h (t2) after induction. Levels of transcripts were determined by qRT-PCR for each time point. Changes in transcript levels (relative to *recA*) were calculated using the C~T~ method. All experiments were performed in triplicates and error bars represent the standard deviations of the mean. (+) induction with 1 μg/ml mitomycin C (-) DMSO control.](pone.0156010.g002){#pone.0156010.g002}

Finally, we examined cell lysates using transmission electron microscopy (TEM) and detected two types of icosahedral capsid particles. However, none of the filamentous structures expected for the two putative Inoviruses were found ([Fig 3](#pone.0156010.g003){ref-type="fig"}). We believe that the number of virions, which were released from the bacteria, was too small to be detectable. Accordingly, the two capsid types most probably correspond to the two *Myoviridae* we identified on chromosome I and II, respectively. Although morphologically comparable, they differed significantly in size. The bigger capsid had a diameter of about 70 nm ([Fig 3A and 3B](#pone.0156010.g003){ref-type="fig"}, yellow circles), while that of the smaller was only about 45 nm ([Fig 3A and 3B](#pone.0156010.g003){ref-type="fig"}, pink circles). This in turn suggests differences in the genome size of these phages, which correlates with the putative genome sizes of 38.5 kb and 44.3 kb from the ΦHAP-1- and *Vibrio* kappa-like phages, respectively \[[@pone.0156010.ref023]\]. In addition to the capsid we also saw viral tails, but only for the larger phage particles ([Fig 3A](#pone.0156010.g003){ref-type="fig"}).

![Visualization of two distinct types of icosahedral capsid particles.\
**A**) and **B**) TEM images of the lysate of *V*. *campbellii* ATTC BAA-1116 induced with 1 μg/ml mitomycin C revealed the presence of two phages of different sizes (yellow circle: d \~ 70 nm; pink circle: d \~ 45 nm). **C)** TEM images of the lysate of *V*. *campbellii* ATTC BAA-1116 induced after heat treatment at 50°C for 0.5 h revealed two phages of different sizes (yellow and pink circles). Scale bars are indicated.](pone.0156010.g003){#pone.0156010.g003}

Taken together these results provide compelling evidence that the *V*. *campbellii* genome contains at least two intact prophages belonging presumably to the *Myoviridae* family that are shifted into the lytic cycle upon mitomycin C treatment.

Having a phage lysate in hand we asked whether we can reinfect *V*. *campbellii* ATCC BAA-1116 employing a classical plaque assay. However, we could not observe any plaque formation. This is not surprising as the incorporated prophages might protect *V*. *campbellii* from superinfection \[[@pone.0156010.ref021], [@pone.0156010.ref024]\]. Further studies on prophage free *Vibrio* strains are needed to investigate the infection potential.

Heat Treatment Leads to the Release of Phages {#sec005}
---------------------------------------------

We wondered whether other stress conditions might also trigger phage release. In their marine environment *V*. *campbellii* can often be found close to the surface and is therefore exposed to significant changes in temperature. Accordingly, an exponentially growing *V*. *campbellii* culture was exposed to heat (50°C for 0.5 h) and then shifted back to 30°C for 0.5 h. Subsequently, concentrated phage lysates were prepared and different dilutions of the concentrates were investigated via TEM. As in the case of mitomycin C treatment, two size classes of capsids could be distinguished ([Fig 3C](#pone.0156010.g003){ref-type="fig"}). Thus we speculate that, in their natural habitat phages can be released from *V*. *campbellii* by temperature shifts, and this might have an effect on behaviors such as quorum sensing by decreasing the population density.

*V*. *campbellii* Phage Induction Is Heterogeneous {#sec006}
--------------------------------------------------

It has been reported that environmental stresses result in phage release from only a fraction of the bacterial population, with some phages remaining dormant \[[@pone.0156010.ref025]\]. To investigate the induction dynamics of the two intact *V*. *campbellii* phages, we analyzed viral promoter activities at the single cell level. For this purpose we constructed fluorescent reporter strains by fusing the promoter regions of Vibhar_01977 (part of the ΦHAP-1-like phage region) and Vibhar_05039 (part of the *Vibrio* phage kappa-like region), respectively ([Fig 1C and 1D](#pone.0156010.g001){ref-type="fig"}), to *gfp* and introduced them into the genome of *V*. *campbellii* via single homologous recombination at the native locus. The gene Vibhar_01977 codes for a potential DNA packaging protein and presumably plays a role in the assembly of the phage while Vibhar_05039 might have a role in tail assembly or exonuclease activity.

To induce phage gene expression, we incubated *V*. *campbellii* cultures for 15 min at 30°C (control), 45°C, 50°C and 55°C and analyzed *gfp* reporter gene expression using fluorescence microscopy. The threshold for the determination of the OFF cells was set according to the mean fluorescence level observed in the 30°C control population (P~Vibhar_01977~-*gfp* = 170 AU and P~Vibhar_05039~-*gfp* = 160 AU; AU = arbitrary unit), which was comparable to a non-fluorescent *V*. *campbellii* wild type. An increase of temperature correlated with an increase in fluorescence intensity. A shift to 45°C resulted in activation of P~Vibhar_01977~ in about 66% of the population, increasing the mean fluorescence intensity slightly to 177 AU ([Fig 4A](#pone.0156010.g004){ref-type="fig"}). GFP production became even more pronounced when this reporter strain was incubated at 50°C and 55°C, resulting in an increase in the mean fluorescence intensity to 235 AU and 219 AU, respectively ([Fig 4A](#pone.0156010.g004){ref-type="fig"}). At those temperatures almost 100% of the cells became fluorescent. Concomitantly, the percentage of dead cells increased from about 1% in the control culture to 5--50% at higher temperatures. Vibhar_05039 promoter became activated in 71% of the cells after incubation at 45°C whereas 95--100% of the population were fluorescent at 50°C or 55°C. It is noteworthy that the fluorescence signal of individual cells differed in intensity, ranging from low (160/170-200 AU) to mid (200--250 AU) and high fluorescence (\>250 AU) ([Fig 4B](#pone.0156010.g004){ref-type="fig"}).

![Population dynamics of *Vibrio* kappa- and ΦHAP-1-like phages.\
**A**) Single-cell microscopy imaging and GFP-fluorescence distribution in the *V*. *campbellii* ATTC BAA-1116 P~Vibhar-01977~-*gfp* population. In the exponential growth phase the culture was split and exposed to various temperatures (30, 45, 50, 55°C) for 15 min. Subsequently, cells were incubated for another 0.5 h at 30°C prior to microscopy. The box plots represent the distribution of GFP fluorescence signals from at least 350 cells. Red fluorescence in the pictures indicates dead cells after propidium iodide treatment. **B**) Same analysis as described in A) for *V*. *campbellii* ATTC BAA-1116 P~Vibhar-05039~-*gfp*. Images in A) and B) are representatives of three independent experiments.](pone.0156010.g004){#pone.0156010.g004}

The observed heterogeneity of phage induction at 45°C might be the result of a bet- hedging strategy \[[@pone.0156010.ref026]\], whereas the almost homogenous phage induction seen at higher temperatures would be expected to cause a population collapse due to simultaneous lysis of most of the cells.

Conclusions {#sec007}
===========

In the present study we report the identification of two intact prophages presumably belonging to the family of *Myoviridae*, which can be induced not only by mitomycin C but also by heat stress. While six lytic phages against different *Vibrio* strains including *V*. *campbellii* and *V*. *harveyi* were isolated in 2010 \[[@pone.0156010.ref027]\] this is to our knowledge the first report on prophage induction and analysis from *V*. *campbellii* ATCC BAA-1116.

Sequence homology to known phages suggests that the two phages might differ in their corresponding host range. Reportedly, the infection potential of the kappa-type phages seems to be restricted to the genus *Vibrio* \[[@pone.0156010.ref028], [@pone.0156010.ref029]\]. Accordingly one might speculate, that the kappa-like prophage in the *V*. *campbellii* genome is equally specific. On the contrary, the second myoviridial phage ΦHAP-1-like is related to a virus previously identified in *Halomonas aquamarina* \[[@pone.0156010.ref016]\]. Halomonads do not belong to the *Vibrionales* order of γ-proteobacteria but instead form a family within the *Oceanospirillales*, and with this indicating a wider host spectrum. We performed Blast Analysis for both of the two phages using at least two structural proteins as template sequence. For the ΦHAP-1-like virus we recognized homologies to certain phages in the genomes of several *Vibrio* species but also in Pseudomonads and Alteromonads such as *Shewanella* or *Halomonas* species. In case of the kappa-like prophage we found homologous proteins mainly distributed among Vibrios but also in certain Alteromonads. Thus we believe that the identified phages infect a broader range of γ-proteobacteria.

*Vibrio* species are among the most important bacterial pathogens in shrimp farms \[[@pone.0156010.ref030]\], prophages that can induce lysis of *V*. *campbellii* could serve as a basis for the development of a phage therapy in this setting. Bacteria and their phages interact in a multitude of ways. For instance, in *Shewanella oneidensis* MR-1, spontaneous phage induction during early growth phases is accompanied by the release of DNA, and is essential for proper biofilm formation \[[@pone.0156010.ref021]\]. A second example is the recently discovered phage induction by autoinducer-2 (AI-2) in *Enterococcus faecalis* \[[@pone.0156010.ref031]\]. AI-2 also mediates interspecies quorum sensing, and its association with phage release in *E*. *faecalis* facilitates the distribution of virulence genes via lateral gene transfer. Similarly, AI-2 is an integral part of the quorum sensing network in *V*. *campbellii* \[[@pone.0156010.ref032]\], and thus it is conceivable that phage mediated lysis of *V*. *campbellii* might also mediate bacterial population dynamics.

Material and Methods {#sec008}
====================

Bacterial Strains and Growth Conditions {#sec009}
---------------------------------------

Strains and plasmids used in this study are listed in [Table 1](#pone.0156010.t001){ref-type="table"}. The *E*. *coli* strains were aerobically grown in lysogeny broth (LB) (10 g/l NaCl, 10 g/l tryptone, 5 g/l yeast extract) at 37°C on a rotary shaker. The *V*. *campbellii* strains were cultivated in autoinducer bioassay (AB) medium \[[@pone.0156010.ref033]\] or Luria marine (LM) medium (20 g/l NaCl, 10 g/l tryptone, 5 g/l yeast extract) and were grown aerobically in a rotary shaker at 30°C. When required, media were solidified by using 1.5% (w/v) agar. If necessary, media were supplemented with 50 μg/ml kanamycin sulfate and/or 100 μg/ml ampicillin sodium salt. The conjugation strain *E*. *coli* WM3064 was grown in the presence of 300 μM *meso*-diaminopimelic acid (DAP).

10.1371/journal.pone.0156010.t001

###### Bacterial strains and plasmids used in this study.

![](pone.0156010.t001){#pone.0156010.t001g}

  Strain or plasmid                                         Relevant genotype or description                                                                             Reference or source
  --------------------------------------------------------- ------------------------------------------------------------------------------------------------------------ ------------------------------------------------------
  **Bacterial strains**                                                                                                                                                  
  *Escherichia coli* DH5α-λpir                              F^-^φ80d*lacZ* ΔM15 Δ (*lacZYA*-*argF*)U169 *rec*A1 *hsd*R17 *deoR thi*-1 *sup*E44 *gyr*A96 *rel*A1/λ*pir*   \[[@pone.0156010.ref041]\]
  *Escherichia coli* WM3064                                 *thrB*1004 *pro thi rpsL hsdS lacZ* ΔM15 RP4-1360 Δ(*araBAD*)567 Δ*dapA*1341::\[*erm pir*(wt)\]              W. Metcalf, University of Illinois, Urbana-Champaign
  *Vibrio campbellii* ATCC BAA-1116                         wild type                                                                                                    \[[@pone.0156010.ref042]\]
  *Vibrio campbellii* ATCC BAA-1116 P~Vibhar-01977~-*gfp*   Integration of P~Vibhar-01977~-*gfp* at the native locus in *Vibrio campbellii* ATCC BAA-1116                This study
  *Vibrio campbellii* ATCC BAA-1116 P~Vibhar-05039~-*gfp*   Integration of P~Vibhar-05039~-*gfp* at the native locus in *Vibrio campbellii* ATCC BAA-1116                This study
  **Plasmids**                                                                                                                                                           
  pNPTS138-R6KT                                             *mobRP4*^+^ *ori*-R6K *sacB;* suicide plasmid for in-frame deletions; *Km*^*r*^                              \[[@pone.0156010.ref043]\]
  pNPTS138-R6KT-GFP                                         *mobRP4*^+^ *ori*-R6K *sacB gfp; Km*^*r*^                                                                    This study
  pNPTS138-R6KTP~Vibhar_01977~-*gfp*                        *mobRP4+ ori*-R6KP~Vibhar_01977~:: *gfp*; Km^r^                                                              This study
  pNPTS138-R6KTP ~Vibhar_05039~-*gfp*                       *mobRP4+ ori*-R6KP~Vibhar_05039~:: *gfp; Km*^*r*^                                                            This study

Induction of prophages was performed using mitomycin C or heat treatment of the culture. Mitomycin C (final concentration of 1 μg/ml) was added to the culture during the exponential growth phase for 30 min. Cells were then washed twice using fresh AB medium, further incubated and analyzed at designated time points. For heat treatment cells were exposed to 45°C, 50°C or 55°C for 30 min and afterwards shifted back to 30°C for subsequent analysis.

Construction of Promoter Fusions {#sec010}
--------------------------------

Molecular methods were carried out according to standard protocols \[[@pone.0156010.ref034]\] or according to manufacturer´s instructions. Kits for the isolation of plasmids and purification of PCR products were purchased from Südlabor (Gauting, Germany). Enzymes were purchased from New England Biolabs (Frankfurt, Germany) and Fermentas (St. Leon-Rot, Germany). Replicative plasmids were transferred into *E*. *coli* strains using chemically competent cells prepared as described in \[[@pone.0156010.ref035]\].

For construction of the promoter-*gfp* fusions (P~Vibhar\_*01977*~ and P~Vibhar~\_~*05039*~) 500 bp upstream of the coding sequence were amplified using the oligonucleotide pairs Vibhar_01977 500bp up BamHI s/Vibhar \_01977 PspOMI as and Vibhar_05039 500bp up BamHI s/Vibhar_05039 PspOMI as, respectively (primer sequences can be found in [S2 Table](#pone.0156010.s003){ref-type="supplementary-material"}). The resulting promoter fragments were ligated into the γ-origin dependent vector pNPTS138-R6KT-GFP after restriction with BamHI and PspOMI.

Chromosomal insertions of promoter-*gfp* constructs into *V*. *campbellii* were achieved by integrating the resultant suicide vectors pNPTS138-R6KT-P~Vibhar_01977~-*gfp* and pNPTS138-R6KT-P~Vibhar_05039~-*gfp* via RecA dependent single homologous recombination as described previously \[[@pone.0156010.ref036]\]. The conjugative plasmid transfer from donor strain *E*. *coli* WM3064 containing the required plasmid into *V*. *campbellii* was performed as described above. Therefore, the donor and the recipient strain were cultivated in LB medium up to an OD~600~ of 0.8--1.0, supplemented with additives if required. Single colonies were checked for chromosomal integration via performance of a PCR with the genomic DNA.

Single Cell Fluorescence Microscopy and Analysis {#sec011}
------------------------------------------------

To measure promoter activity of P~Vibhar_01977~-*gfp* and P~Vibhar_05039~-*gfp* in individual cells, *V*. *campbellii* cells harboring the chromosomal fusions were cultivated in LM medium supplemented with 50 μg/ml kanamycin sulfate in a rotary shaker overnight. Cultures were then diluted 5,000 fold in AB medium and grown aerobically at 30°C. During exponential growth phase (OD~600~ 0.3--0.5) the culture was split equally into two flasks, one of which was shifted to 45°C, 50°C or 55°C for 15 min, while the second served as a control. Propidium iodide (Invitrogen, Oregon) was added to the cell suspension at a final concentration of 5 μM to stain dead cells (red fluorescence).

For phase contrast and fluorescence microscopy, samples were analyzed on 0.5% (w/v) agar pads, which were placed on microscope slides and covered by a coverslip. Images were taken on a Leica microscope (DMI 6000B) equipped with a Leica DFC 365 Fx camera. An excitation wavelength of 546 nm and a 605 nm emission filter with 75 nm bandwidth were used for visualization of dead cells. For GFP fluorescence, an excitation wavelength of 460 nm and a 512 nm emission filter with 75 nm bandwidth was used. For every condition three biological samples were analyzed and a minimum of 350 to 1,000 cells were evaluated for each parameter.

The obtained digital images were analyzed using the big Cell Brother software \[[@pone.0156010.ref037]\]. The software is open source and binaries are available at <https://tmramalho.github.io/bigCellBrotherGUI>.

Preparation of Phage Concentrate {#sec012}
--------------------------------

One liter of induced cells was centrifuged at 5,000 x g in a Sorvall Evolution centrifuge. The supernatant was filtered through a 0.2 μm filter to remove intact cells and cellular debris. The filtrate was then incubated with polyethylene glycol 6,000 (final concentration 100 g/l) overnight at 4°C, and the phage particles were pelleted by centrifugation in a Sorvall ultracentrifuge at 25,000 x g for 3 h. The pellet was resuspended in 4 ml SM buffer \[10mM NaCl, 50 mM Tris/HCl (pH 7.5), 10 mM MgSO~4~\] and incubated overnight at 4°C. The concentrate was filtered again and diluted for downstream applications.

TEM {#sec013}
---

For conventional TEM analysis, 10 μl of phage concentrate (undiluted, 1:5 and 1:20 diluted) were adsorbed on glow discharged carbon coated copper grids (Plano, Wetzlar). After 10 min the phage solution was removed, and the sample was negatively stained by treatment for 30 s with 1% (w/v) uranyl acetate, briefly rinsed with a drop of deionized water, and then air dried. Bright-field TEM was performed on a FEI CM200 transmission electron microscope (FEI; Eindhoven, Netherlands) using an accelerating voltage of 160 kV. Images were captured with an Eagle 4k CCD camera using EMMenu 4.0 (Tietz) and FEI software.

Extraction of Phage DNA and Sequencing {#sec014}
--------------------------------------

We used 170 μl phage concentrate and reduced non-viral DNA by adding 20 μl 10 Unit DNase I and 22 μl 10x DNase buffer. The mixture was incubated at 37°C for 3 h. To terminate DNase activity 25 μl of EDTA/SDS buffer (0.5 M EDTA, 1% (w/v) SDS) were added prior heating the phage concentrate to 65°C for 20 min. To remove the phage capsid structure 6 μl Proteinase K were added and the phage concentrate was further incubated at 65°C for 2 h with occasional shaking. After adding 300 μl chloroform and 75 μl 5M NaCl \[[@pone.0156010.ref038]\] the samples were transferred to PhaseTrap separation tubes (Peqlab, Erlangen). Aqueous phage DNA containing phase was separated from chloroform according to manufacturer's instructions. Subsequently, DNA was precipitated and isolated according to Pospiech and Neumann \[[@pone.0156010.ref038]\].

For sequencing of phage DNA concentrates from strain *V*. *campbellii* ATCC BAA-1116 a library was generated with the Nextera XT Kit (Illumina) according to manufacturer\'s instructions. Sequencing was performed with a MiSeq sequencer (Illumina) yielding 2x300 bp paired-end sequences (v3 chemistry). For *V*. *campbellii* ATCC BAA-1116 1.1 x 10^6^ reads were obtained. Sequences were trimmed and assembled against the corresponding reference genomes of *V*. *campbellii* with CLC Genomics Server 6.0.5 (Qiagen) with the following parameters: mismatch cost = 2, linear gap cost, Insertion cost = 2, deletion cost = 3, insertion open cost = 6, insertion extend cost = 1, deletion open cost = 6, deletion extend cost = 1, length fraction = 0.5, similarity fraction = 0.8, non-specific match handling = map randomly. The coverage of the aligned reads to the reference genome was calculated using CLS Genomics Server 7.5 (Qiagen) with the following parameters: p-value threshold = 0.0001, minimum length = 50.

Analysis of Transcription Levels via qRT-PCR {#sec015}
--------------------------------------------

*V*. *campbellii* ATCC BAA-1116 was cultivated as described above. Samples were withdrawn, and RNA was isolated as described before \[[@pone.0156010.ref039]\]. The RNA was then used as template for random-primed first-strand cDNA synthesis according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) (iQ5 real-time PCR detection system, Biorad) was performed using the synthesized cDNA, a SYBR-green detection system (Biorad) and specific internal primers for *recA* and Vibhar_05040 ([S2 Table](#pone.0156010.s003){ref-type="supplementary-material"}). The CT value (cycle threshold) was determined after 40 cycles using the iQ software (Biorad). Values were normalized with reference to *recA* and relative changes in transcript levels were calculated using the comparative CT method \[[@pone.0156010.ref040]\].

Supporting Information {#sec016}
======================

###### Effect of mitomycin C on growth of *V*. *campbellii*.

Mitomycin C (final concentration of 1 μg/ml, indicated in green) and DMSO (control, indicated in red) was added to the culture during the exponential growth phase for 0.5 h (time point I). Then cells were washed twice in fresh AB medium. Phage lysate was prepared at time point P. Cell densities were determined by measuring optical densities at 600 nm (OD~600~).

(TIF)

###### 

Click here for additional data file.

###### Relative mean coverage of sequencing reads of predicted *V*. *campbellii* ATCC BAA-1116 prophages.

(PDF)

###### 

Click here for additional data file.

###### Primers used in this study.

(PDF)

###### 

Click here for additional data file.
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